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We
1
ompute the pair annihilation ross setion of light dark matter salar partiles
into two photons, and disuss the detetability of the monohromati line assoiated
with these annihilations.
1 Introdution
The need for Cold Dark Matter (DM) to desribe and understand how strutures in the
universe hold together, has beome inreasingly pressing with the impressive amout of
observational data olleted in the last ten years. Alternatives to DM, like modiations
of gravity, are being put to ritial and maybe fatal test by reording maps of gravitational
lensing. Indeed, the separation reently observed in olliding lusters between the (maybe
modied) gravitational deviation of light and the normal matter that auses it, seems very
ontrived with modied gravity, and very natural if ollisionless DM is the main soure
of gravity. Questions about the nature of DM and its non-gravitational detetion are
therefore more relevant than ever.
In this ontext, the preise determination by INTEGRAL/SPI
2
of the harateristis
of the 511 keV line emitted in our galaxy is intriguing. Indeed, it implies wihtout any
doubt that the entral bulge of our galaxy is a strong soure of positrons. Astrophysial
soures like Low Mass X-ray Binaries (LMXB) and Type 1a Supernovae (SN1A)
3
annot
naturally explain why this soure is at the same time steady, extended and absent in
the disk. On the ontrary, prodution of positrons through DM annihilation is naturally
steady and onentrated in the bulge where the DM density inreases: a t of the needed
DM density prole an even be attempted
4
, yielding a reasonable NFW prole ρ(r) ∼ r−1
for DM annihilation at rest, in opposition to a less reasonable ρ ∼ r−2 for DM deay.
In order to maximize the eletron-positron annihilation hannel, suh DM must be
light (LDM)
5,6
, at least below muon pair threshold: mdm < 100MeV. More onstrain-
ing upper bounds an be obtained by a areful study of nal state radiation proesses
(dm dm
⋆ → e+ e− γ) and positron anihilation in ight, both produing ontinuous gamma
ray spetra whih inrease with mdm. From the rst, mdm < 35 MeV is obtained
7
, and
mdm < 20 MeV from omparing the seond with error bars on the measured spetra. On
the other hand, mdm should be higher than 2 MeV to avoid spoiling nuleosynthesis
8
,
and higher than 10 MeV if there is a signiant oupling to neutrinos whih an alter
supernova explosions
9
, but suh is not neessarily the ase.
1
A fairly unique viable model satisfying all the above onstraints ontains salar DM
partiles with mdm ∼ 10MeV, annihilating at rest in the galati bulge into e+e− pairs
via t-hannel exhange of heavy (> 100GeV) fermions Fe. Given the large loal DM
abundane inferred from the rotation urve, the annihilation ross-setion yielding the
observed positron soure is however too small to explain a orret reli density inferred
e.g. from osmi mirowave bakground measurements. A further light vetor partile an
then be invoked to mediate an s-hannel annihilation proess: being veloity dependent,
this proess beomes dominant in the early universe and an independently be adjusted
to the reli density.
If orret, suh a model
5
would profoundly alter the road to uniation in partile
physis. It therefore seems important to look for other experimental ross-heks. The
simplest and most onvining one would be the disovery of another gamma ray line, from
the proess dm dm
⋆ → γγ. In the following, we show 1 this line is anavoidable in suh a
model, estimate its intensity, and disuss its observability.
2 Dark matter annihilation ross setion into two photons
The model onsidered is speied by the Lagrangian L = ψ¯Fe(crPL + clPR)ψeφdm + h.c
where PR,L are the hiral projetors (1 ± γ5)/2. The relevant annihilation diagrams are
box-diagrams ontaining 1, 2 or 3 heavy fermions Fe. Assuming that dm 6= dm⋆ (whih
xes the irulation of arrows), there are 6 diagrams, taking into aount permutation of
the 2 photon external legs.
From naive power ounting, eah box is logarithmially divergent. However, gauge
invariane ditates a result proportional to F 2µν rather than A
2
µ. This requires 2 powers of
external momenta, so that the integrand must in fat onverge like d4k/k6 for large loop
momenta k. In the limitmFe ≫ me,dm (relevant due to LEP and other ollider/aelerator
onstraints), the ontribution of momenta larger thanmFe is ∼ 1/m2Fe. The leading 1/mFe
term an thus be safely obtained by expanding the integrand in powers of 1/mFe and
keeping only the rst term.
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This orresponds to pinhing the box with one Fe into a triangle involving only
eletrons and an eetive dm-dm-e-e oupling given bywith the real ouplings a, b given
by a+ ib = c∗l cr. For this set-up, omputing the ross-setion is a loop-textbook exerise
for whih we nd:
σγγvr =
α2
(2pi)3 m2Fe
m2e
m2dm
×
[
b2|2C0m2dm|2 + a2|1 + 2C0(m2e −m2dm)|2
]
.
C0 is a funtion ofme andmdm given by the Passarino-Veltman salar integral. Formdm >
me, this funtion develops an imaginary part orresponding to the formation of a real
2
e+e− pair subsequently annihilating into 2 photons, and giving the largest ontribution
for masses above 1 MeV.
For mdm ≪ me, C0 behaves as [−1/(2m2e) + m2dm/(3m4e)], so that both terms of the
ross setion behave as m2dm/(memFe)
2
. This limit is relevant to estimate the eet of
heavier partiles than the eletron in the loop. For example, the ontribution of the
τ lepton ould be signiant if the orresponding ouplings (aτ , bτ ) are larger than ≈
(mτ/mdm) × (ae, be) × (mFτ/mFe) (with mdm < mτ ), i.e. if they sale at least like usual
Yukawa ouplings. Sine an independent detailed analysis is required to hek whether or
not suh ouplings an pass partile physis onstraints, we prefer giving a onservative
estimate based on the eletron ontribution only. The latter annot be turned o without
losing the 511 keV line signal. It therefore onstitutes a safe lower bound for assessing
the detetability of the line at Eγ = mdm.
Within the pinh approximation, the ross-setion relevant for the origin of the 511
keV emission is:
σ511vr =
βe
4pim2Fe
(
a2β2e + b
2
)
with βe =
√
1−m2e/m2dm, whih indeed for b = 0 redues to the expression used 4 for
large mFe . After areful omparison with SPI data, Asasibar et al.
4
found
σ511vr = 2.6 10
−30
(
mdm
MeV
)2
m
3/s.
The γγ annihilation ross-setion is then also determined by this measurement in
terms of the ratio of annihilation branhing ratios:
η
.
=
σγγ
σ511
=
α2
2pi2 βe
m2e
m2dm
a2|1 + 2 (m2e −m2dm)C0|2 + b2|2m2dmC0|2
a2β2e + b
2
(1)
As announed, this ratio annot vanish, whatever the value of a/b, so that a minimum
γγ ux is guaranteed. As mdm approahes me from above, the ratio inreases like β
−3
e for
a pure salar oupling (b = 0) and like β−1e for an axial one (a = 0). The ratio dereases
almost linearly with the dark mater mass for mdm > 1 MeV. In the table below, we give
typial values of the ratio η for the most onservative ase (i.e. a = 0, β−1e ):
mdm(MeV) : 0.52 1 5 20
η(a = 0) : 8.8 10−5 1.4 10−5 3.6 10−6 8.1 10−7
Notie that the simple guess
10
applied to the ase of deaying DM
ηguess ≈ α
2m2dm
2pi2m2eβ
3
e
inreases instead of dereasing with mdm. For a typial mass of 10 MeV, this guess
overestimates the monohromati ux by a fator 635 with respet to our result (Eq.1).
As we will see in the next setion, suh a fator is ruial to the line observability.
3
Figure 1: Left: ux of the monohromati Eγ = mdm line from a 8 degree one around the galati
enter. Right: signiane of the monohromati Eγ = mdm line above the ontinuum bakground for
one year of observation with an ideal detetor of 1 m
2
and a 10
−3
energy resolution.
3 Detetability of the monohromati line
A few experiments have already sanned the energy range above the eletron mass. The
instruments on board of INTEGRAL for example have been designed to survey point-like
objets as well as extended soures over an energy range between 15 keV-10 MeV. The
instrument INTEGRAL/SPI itself is a spetrometer designed to monitor the 20 keV-8
MeV range with exellent energy resolution. Therefore a legitimate question is whether
or not the line Eγ = mdm ould have been (or ould be) deteted by the same instrument
that has unveiled the 511 keV signal. This essentially depends on the ratio η as given
above, and on the bakground.
The 511 keV emission has been measured with a ∼ 10% preision 11 to be
〈I511〉 = 6.62× 10−3 ph cm−2 s−1 sr−1
inside a region that extends over 350◦ < l < 10◦ in longitude and |b| < 10◦ in latitude.
If this emission originates from a NFW distribution of LDM speies around the galati
enter with a harateristi halo radius of 16.7 kp, the signal from the inner 5◦ is found4
to be
〈I511(5◦)〉 = 1.8× 10−2 ph cm−2 s−1 sr−1 ,
one the SPI response funtion is taken into aount and the instrumental bakground is
properly modeled. If the positron propagation is negligible, then the map of the 511 keV
emission should orrespond to that of the LDM annihilations.
Within this approximation, we expet the spatial distributions of both the 511 keV
and the two-gamma ray lines to be idential and their intensities to be related by the
ratio η:
〈Iγγ(θγγ)〉 = η θ511
θγγ
〈I511(θ511)〉
(1− 3f/4) .
4
This expression is approximately valid as long as the angular radii θγγ and θ511 of the
regions monitored by the gamma-ray spetrometer are small. In what follows, the fration
f of positrons forming positronium has been taken 4 equal to 93%. This is in perfet
agreement with the positronium fration later derived
12
, i.e. fPs = 0.92 ± 0.09. The
monohromati line ux
φγγ(< θγγ) = pi θ
2
γγ 〈Iγγ(θγγ)〉
has been plotted in Fig. 1 in the ase of the LDM model with F exhange and assuming
a NFW prole. The angular radius θγγ = 8
◦
orresponds to the eld of view of the
satellite. For typial LDM masses in the MeV range, the expeted ux is about three
orders of magnitude below the laimed INTEGRAL/SPI line sensitivity
13
(whih is
about 2.5× 10−5 ph m−2 s−1 after 106 seonds). An unrealisti exposure of 30,000 years
would thus be required in order to detet the E = mdm line. When the LDM speies
is degenerate in mass with the eletron, the ux is only a fator of 25 below the SPI
detetion limit (assuming a pure salar oupling b=0). As long as the mass dierene
mdm −me does not exeed 0.1 MeV, it is roughly omparable with the expeted 478 keV
line signal emitted by Novae
14
, that is about ∼ 10−7 ph m−2 s−1.
SPI sensitivity is limited by the instrumental bakground that arises mostly from
osmi rays impinging on the apparatus and ativating the BGO sintillator. On the
ontrary, the absolute sensitivity of an ideal instrument is purely limited by the gamma-
ray ontinuum bakground. This emission has been reently estimated
11
IBG(E) = 1.15× 10−2E−1.82 ph cm−2 s−1 sr−1 MeV−1 ,
inside the entral region that extends over 350◦ < l < 10◦ in longitude and |b| < 10◦ in
latitude. The energy E is expressed in units of MeV.
We thus estimate the signiane Σ ≡ signal/√bakground for the LDM line to emerge
above this bakground (assuming it is isotropi) to be
Σ =
√
pi θ511
〈I511(θ511)〉
(1− 3f/4) η
√
S0 T0
IBG∆E0
,
with S0 the surfae of the detetor, T0 the exposure time, IBG the above-mentionned
ontinuum bakground intensity and ∆E0 the energy resolution. The signiane Σ (dis-
played as a funtion of the dark partile mass in Fig. 1 for a surfae of 1 m
2
, an exposure
duration of T0 = 1 year and an energy resolution of 0.1%) indiates that those values
would theoretially allow to extrat the minimal guaranteed signal omputed at 3 stan-
dard deviations above bakground for all relevant LDM masses below 30 MeV.
There is nothing to be gained by narrowing the angular aperture θγγ beause, for the
assumed NFW prole, the signal inreases linearly with this angular radius, as does the
square root of an isotropi bakground.
In ontrast, note that the monohromati line should be extremely narrow: its width
is expeted to be about a few eV whih experimentally is very hallenging if one ompares
it with the present SPI sensitivity that is about 10−3 at MeV energies. At lower energies,
there are nevertheless instruments, e.g. X-ray CCD, bolometers, Bragg spetrometers
whih are able to resolve eV widths. A signiant improvement on the resolution ∆E0 at
higher energies would probably be neessary in order to reah a large enough signiane
and ensure detetion. Indeed, an eetive surfae of 1m
2
might be hard to attain in spae.
5
Next generation instruments suh as AGILE/(super AGILE) or GLAST, whih in
priniple ould be more promising, will probably be limited by the energy range that they
are able to investigate. Future instruments might nevertheless be able to see this line if
their energy resolution and sensitivity are improved by a large fator with respet to SPI
present harateristis.
Maybe a better hane to detet this line is to do observations at a high latitude and
a longitude slightly o the galati entre. In this ase, indeed, the bakground should
drop signiantly (the density of dark louds has been measured reently
15
) but the line
ux may derease by a smaller fator.
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